ABSTRACT: This study tested the hypothesis that controlled flow through microchannels can cause shear-induced intracellular loading of cells with molecules. The overall goal was to design a simple device to expose cells to fluid shear stress and thereby increase plasma membrane permeability. DU145 prostate cancer cells were exposed to fluid shear stress in the presence of fluorescent cell-impermeant molecules by using a cone-and-plate shearing device or high-velocity flow through microchannels. Using a syringe pump, cell suspensions were flowed through microchannels of 50-300 mm diameter drilled through Mylar 1 sheets using an excimer laser. As quantified by flow cytometry, intracellular uptake and loss of viability correlated with the average shear stress. Optimal results were observed when exposing the cells to high shear stress for short durations in conical channels, which yielded uptake to over one-third of cells while maintaining viability at approximately 80%. This method was capable of loading cells with molecules including calcein (0.62 kDa), large molecule weight dextrans (150-2,000 kDa), and bovine serum albumin (66 kDa). These results supported the hypothesis that shear-induced intracellular uptake could be generated by flow of cell suspensions through microchannels and further led to the design of a simple, inexpensive, and effective device to deliver molecules into cells. Such a device could benefit biological research and the biotechnology industry.
Introduction
Advances in biotechnology rely on techniques to deliver molecules into the cytoplasm and/or nucleus of cells. These techniques include cationic lipids and polymers (Goyal et al., 2005; Simoes et al., 2005) , viral vectors (Young et al., 2006) , electroporation (Gehl, 2003) , and microinjection (Jensen et al., 2003) . These techniques are typically used to deliver bioactive molecules, such as genetic material or proteins, to modulate cellular behavior (Azzam and Domb, 2004) or deliver diagnostic molecules in order to label organelles or cellular structures (Barber et al., 1996) . Current techniques to permeabilize cells for intracellular uptake encompass many different mechanisms to bypass the cell membrane, an impediment to molecular transport. These include chemicals to package molecules for delivery, as with liposomes or cell-penetrating proteins; exploiting the natural cell-penetrating mechanism of viral vectors (Young et al., 2006) ; electric means as with electroporation (Li, 2004) ; direct injection of material by microinjection (Dice, 1988) ; chemical fixation followed by permeablizing detergents (Melan, 1994) ; and mechanical means to apply shear stress. Although all of these techniques have developed into effective methods, they each have disadvantages, such as requiring expensive equipment and/or chemicals and specifying complex and/or time-intensive protocols. Thus, these methods may only be effective for a small number of cells or only applicable to non-viable or fixed cells. Developing a means that is inexpensive, simple to perform, and effective at intracellular delivery of molecules into viable cells would greatly benefit biological research, biotechnology, and the medical community. Building from methods that utilize shear forces to reversibly permeabilize cells, we propose that fluid flow through microchannels can impart high shear forces upon cells to load cells with extracellular molecules and provide a low-cost, simple-to-use, and effective intracellular delivery method.
Shear permeablization of cells is commonly believed to be due to increased membrane tension and subsequent poration of the cell membrane (Netz and Schick, 1996; Lokhandwalla and Sturtevant, 2001) . Previous studies have shown transient cell permeablization by directly applying shear forces to cells using hypodermic needles (Clarke and McNeil, 1992) , viscometers (LaPlaca et al., 1997) , and scrape loading (McNeil et al., 1984) . Additionally, studies have used methods to apply shear indirectly and load cells with molecules by generating shock waves (Kodama et al., 2002) or cavitation with ultrasound (Mitragotri, 2005) . Typically, indirect methods require complex equipment and have less control at the local level than direct methods of applying shear.
The mechanism of shear permeabilization of cells has also been studied. A body of literature has shown that shear permeabilization is caused by removing sections of plasma membrane, measuring up to microns in dimensions (Schlicher et al., 2006) . Extracellular molecules are able to diffuse through these membrane openings and, in some cases, equilibrate intracellularly (Guzman et al., 2002) . Due at least in part to the associated influx of calcium through membrane disruptions, cells respond by trafficking exocytic vesicles to the site of injury to patch it actively over a timescale of minutes (McNeil and Steinhardt, 2003; Schlicher et al., 2006) . Cells can survive this process, which is believed to occur routinely in the body due to shear forces and sublethal wounding imposed on cells by natural physiological processes, such as the mechanical effects of intestinal motility, cardiac rhythm, and muscle contraction (Barbee, 2005) . Despite this mechanistic insight, there is relatively little known about the dependence of cell permeabilization as a function of imposed shear stress.
Guided by these findings, we sought to (i) systematically study the effects of different shearing environments on cellular uptake and viability, (ii) assess the breadth of applications of uptake of different-sized molecules, and (iii) design a simple and inexpensive device for applications. We hypothesize that controlled flow through microchannels can cause shearinduced loading of cells with macromolecules.
Methods

Cell Culture
Cell culture was performed as described by Guzman et al. (2001) . In brief, human prostate cancer cells (DU145, American Type Culture Collection, Manassas, VA, item no. HTB-81) were cultured as monolayers in a humidified atmosphere of 95% air and 5% CO 2 at 378C in RMPI-1640 media (Cellgro, Mediatech, Herndon, VA), supplemented with 100 mg/mL penicillin-streptomycin (Cellgro) and 10% (v/v) heat-inactivated fetal bovine serum (Atlanta Biologicals, Atlanta, GA). DU145 cells were harvested by trypsin/EDTA (Cellgro) digestion, washed, and resuspended in culture media.
Cone-and-Plate Shearing Device
DU145 cells were subjected to a high-magnitude, shortduration pulse of fluid shear stress using a custom-built, cell-shearing device capable of delivering high magnitudes of shear stress at rapid rates to cell cultures, as described in detail by Prado et al. (2005) . The cell-shearing device consisted of a servo motor-driven cone (0.58) that rotates above the cell culture surface at controlled speeds and rates of acceleration. Hank's Balanced Salt Solution (HBSS) (Sigma, St. Louis, MO) was placed between the cone and cell plate to serve as shearing buffer, transferring momentum from the rotating cone to the plate of seeded cells and producing a uniform shear stress across the culture plate.
Prior to shear exposure, cells were counted and seeded (density ¼ 1.00-1.25 Â 10 5 cells/cm 2 ) onto customized culture plates. Culture plates consisted of glass plates that were briefly flamed and subsequently coated with a poly-L-lysine solution (0.0023%, w/v; Sigma) for at least 12 h at 378C and 95% relative humidity before cell seeding. Cells were cultured as monolayers for 2-3 days with culture media and in an incubator, as described above.
Shear stress experiments were conducted by removing culture plates from the incubator and rinsing them with HBSS. Cells were then incubated at 378C in the buffer containing calcein (0.34 mM, Molecular Probes, Eugene, OR) for 10 min and mounted in the cell-shearing device. The cone of the cell-shearing device was lowered until its apex contacted the center of the cell plate, and then shearing buffer (HBSS) was added through a perfusion port in order to fill the gap between the cone and the plate. The applied shear stress magnitude and duration were 140 dynes/cm 2 and 300 ms, respectively. The rise time, which is defined to be the length of time for the cone to reach maximum velocity, was 20 ms. Cells were then immediately removed from the cell-shearing device and analyzed by flow cytometry to determine viability and intracellular uptake of calcein, as described below. Cells exposed to shear were compared to cells in negative-control samples (i.e., cells treated exactly the same but not exposed to shear).
Microchannel Fabrication
Sheets of polyethylene terephthalate (Mylar 1 , Dupont, Wilmington, DE) were used to make microchannels because this material is inexpensive, available in many different thicknesses, and easily cut using established laser-cutting techniques. Mylar 1 sheets measuring 100 and 250 mm in thickness were first cut into 15-mm diameter disks using a CO 2 laser (LS500XL, Gravograph-New Hermes, Duluth, GA). The CO 2 laser was operated at 200 Hz with a 10.6-mm wavelength and rotated in a circular pattern until the laser cut completely through the sheet. Microchannels were created near the center of each disk as a single cylindrical channel, a single conical channel, or an array of conical channels by drilling with an ultraviolet excimer laser (Resonetics Micromaster, Nashau, NH).
As shown in Figure 1A , the relatively flat energy profile of the excimer laser allowed nearly cylindrical microchannels to be created in the Mylar 1 sheets with only a slight taper. Inlet and outlet diameters typically differed by less than 5 mm over 100 mm of channel length after boring from each side with the excimer laser (Davis et al., 2005) . The laser was operated at 60 Hz with a 248-nm wavelength and energy density of 2.0 J/cm 2 . A wide range of microchannel diameters and lengths can be created using differentsized masks for the excimer laser and the many available thicknesses of the Mylar 1 sheets, respectively. To create conical channels in the Mylar 1 disks, the excimer laser was operated in a trepanning mode (Davis et al., 2005) , as shown in Figure 1B . During trepanning, the disk was moved in a circular motion with a diameter less than the excimer laser beam, allowing the excimer laser to ablate the Mylar 1 with greater intensity at the center of the circular path than at the edges, thereby creating a conical profile. Various conical profiles can be created by using different-sized masks and controlling the laser energy, speed, and radius.
Microchannel Device
To flow cell suspensions through the microchannels, a device was created to securely hold the Mylar 1 disk in place and allow coupling to tubing and a syringe (Fig. 1C) . To secure the Mylar 1 disks, two flanges constructed of 0.63-cm thick polymethylmethacrylate (acrylic, McMaster-Carr, Atlanta, GA) were used. Each acrylic flange had a hole drilled in the center to allow fluid flow and four holes near the edge of the flange for securing screws. To prevent leakage within the flange, gaskets were cut from rubber gasket sheets (SBR rubber, 0.16-cm thick, McMaster-Carr) with an outer diameter of 15 mm and a hole was removed from the center with a diameter of 3 mm. Two gaskets were centered on each side of the Mylar 1 disk and held securely in place using the acrylic flanges and screws. Tubing and a syringe were coupled to the flange using a nozzle tip connection for 0.32-cm tubing screwed into the outlet of the flange and a male luer fitting screwed into the inlet of the flange.
Experimental Protocol of Microchannel Exposure
Prior to fluid flow through microchannels, samples were prepared at a cell concentration of 5 Â 10 5 cells/mL in RMPI-1640 media, supplemented with 100 mg/mL penicillinstreptomycin and 10% (v/v) heat-inactivated fetal bovine serum. To test the ability of this device to cause intracellular uptake, one of several different cell-impermeant, greenfluorescent molecules of different sizes was added to the cell suspension: calcein (10 mM, 623 Da, Molecular Probes), FITC-labeled dextrans (10 mM, 150 kDa, 10 mM, 500 kDa, and 0.1 mM, 2,000 kDa, Sigma), and FITC-labeled bovine serum albumin (10 mM BSA, 66 kDa, Sigma).
A 2-mL sample solution was aliquoted into a 3-mL syringe (Becton Dickinson, Franklin Lakes, NJ) and any entrapped air was removed from the syringe. The male luer connection on the microchannel device was then filled with additional cell suspension (approximately 300 mL), which displaced any air in the fitting upstream from the microchannel, and was connected to the syringe. To accurately flow the sample through the microchannel and thereby expose cells to a controlled shear, a syringe pump (Genie, Kent Scientific Corp, Torrington, CT) was used to set the flow rate at 30, 70, or 100 mL/h. Approximately 0.5 mL of sample was flowed through the microchannel before any sample was collected, and then at least 1.0 mL of sample solution was collected in a 1.5 mL microcentrifuge tube. Cells were allowed to ''recover'' for 5 min at room temperature, and then microcentrifuge Figure 1 . Microchannels were drilled into Mylar tubes were incubated on ice until all samples had been exposed (<2 h) to microchannel shear flow.
After all samples had been exposed to shear, 1.0 mL of sample solution was pipetted from each collected sample and dispensed into a new microcentrifuge tube for analysis. Cells were then centrifuged (800g, 3 min, Eppendorf 5415C, Brinkman, Westbury, NY) and washed with phosphate buffered saline (PBS, Cellgro) three times to remove extracellular fluorescent molecules in the supernatant. The subsequent cell pellets were resuspended in a final volume of 205 mL of PBS containing 2 mg/mL of propidium iodide (Molecular Probes), a viability marker that labels non-viable cells with red fluorescence by binding to nuclear material in compromised cells.
Quantification of Bioeffects
Flow cytometry was used to determine molecular uptake (i.e., fraction of cells containing intracellular fluorescent molecules) and loss of cell viability by detecting the fluorescence intensity from uptake molecules and propidium iodide, respectively, on a cell-by-cell basis. A BD LSR benchtop flow cytometer (BD Biosciences, San Jose, CA) was used to measure the green fluorescence of cells with intracellular uptake (FITC fluorescence, 530/28 nm bandpass filter) and to distinguish viable from non-viable cells by the red fluorescence of propidium iodide (Per CP fluorescence, 670 nm longpass filter). Typical analyses included approximately 30,000 cells per sample. Cell viability was determined as the rate of viable cells (i.e., not stained by propidium iodide) counted in each sample normalized to the rate of viable cells counted in a non-exposed control sample.
Statistical Analysis
A minimum of three replicates was performed for all conditions. Replicates enabled calculations of means and standard errors of the mean (SEM). Analysis of variance (ANOVA, a ¼ 0.05) was utilized to compare all parameters to determine their statistical significance in affecting molecular uptake and loss of viability.
Results
Shear-Induced Intracellular Uptake
Our hypothesis is that controlled flow through microchannels can cause shear-induced intracellular loading of cells with molecules. As a first step toward testing this hypothesis, we exposed DU145 prostate cancer cells to controlled shear stress in a cone-and-plate cell-shearing device that applied a uniform shear force to a monolayer of adherent cells in the presence of calcein (a cell-impermeant, green-fluorescent molecule). The merit of this device is that it applies homogeneous, well-controlled shear stress to a population of cells.
As shown in Figure 2 , flow cytometry histograms of green fluorescence display a control sample (i.e., no shear exposure) exhibiting innate autofluorescence and background noise and a sample exposed to shear (i.e., 140 dynes/ cm 2 for 300 ms) displaying an increase in the number of cells with green fluorescence, indicating intracellular uptake of calcein. In this representative example, 27% of cells exposed to shear exhibited increased intracellular loading with calcein. Additional experiments using different shearing conditions also caused increased intracellular uptake (data not shown). This result demonstrates that large, transient shear forces can induce cell permeablization and cause intracellular uptake of molecules.
Building from these results, we exposed cells in suspension to shear by flow through our fabricated microchannel device (Fig. 1) . The merit of this device is that it can apply shear stress with faster rise time and higher throughput compared to the cone-and-plate device. In Figure 3 , representative flow cytometry and fluorescent microscopy results display intracellular uptake into viable cells after cells were exposed to fluidic shear in microchannels. In Figure 3A , the solid curve shows a control sample, the dashed curve displays heterogeneous uptake that was typical at low shear conditions, and the dotted curve shows the distribution of cells exposed to higher shear conditions that caused intracellular uptake of calcein into a larger fraction of cells in a more homogenous manner. In Figure 3B , fluorescent microscopy displays cells with intracellular green-fluorescent calcein (dark circles), verifying intracellular delivery of calcein and not, for example, increased cell surface binding. By viewing the cells with red fluorescence, Figure 3C shows non-viable cells stained with propidium iodide (dark circles) indicating that almost all cells remained viable after shearing. 
Quantification of Shear-Induced Bioeffects
Having demonstrated that controlled flow through microchannels can cause loading of cells with macromolecules, we next sought to systematically evaluate the effects of shear environment on uptake and loss of viability by flowing DU145 cells in suspension through microchannels of various dimensions. In Figure 4 , the effects of fluid flow rate and microchannel diameter and length were examined. Fluid flow rate was varied up to 100 mL/h, which was the maximum our apparatus could accommodate, and microchannel diameter was varied down to 50 mm, which is approximately three times the DU145 cell diameter of 15-18 mm. Smaller diameters were found to clog and were therefore not used. Increased flow rate and decreased microchannel diameter should increase the fluid velocity through the microchannel and therefore increase the intensity of the shear force experienced by a cell while simultaneously decreasing its duration. Finally, microchannel length was varied between 100 and 250 mm, which was the maximum our apparatus could accommodate, due to the increased pressure drop associated with longer channels. For flow rates of 30, 70, and 100 mL/h, the residence time of a cell in a 50-mm diameter, 100-mm long channel was 24, 10, and 7 ms, respectively, and in a 250-mm long channel was 59, 25, and 18 ms, respectively. Figure 4 shows that significant effects on intracellular uptake and cell viability occurred under the different shearing conditions. Decreasing channel diameter and channel length each increased the number of cells with intracellular uptake ( P < 0.01 and P < 0.01, respectively) while changing the flow rate did not significantly affect the intracellular uptake ( P ¼ 0.07). Figure 4 further indicates that the viability generally decreased with decreasing channel diameter and high (dotted curve) shear environments, which display an increase in green fluorescence indicating intracellular uptake of calcein. The samples were subjected to shear by flow of the cell suspension at 100 mL/h though cylindrical channels of 100 mm in length and diameters of 60 mm for the low shear condition and 50 mm for the high shear condition. B,C: Representative fluorescent micrographs of cells after exposure to shear in microchannel flow (at the high shear condition described above), which depicts (B) viable cells with intracellular uptake of green-fluorescent calcein and (C) non-viable cells stained with red-fluorescent propidium iodide. The same view of the same cell sample is shown in parts (B) and (C) using different optics. Stained cells appear as black circles and unstained cells appear as bright circles. Figure 4 . Intracellular uptake and cell viability populations following shear exposure within cylindrical microchannels as a function of flow rate and of microchannel diameter and length. The total height of each bar represents the fraction of cells remaining viable, the size of the black stripe represents the fraction of cells with significant levels of intracellular uptake, and the size of the gray stripe represents the fraction of cells that were apparently unaffected. DU145 cells were subjected to shear by passage through microchannels of (A) 100 mm and (B) 250 mm channel length. Data represent the averages of n ! 3 replicates with SEM error bars shown.
( P < 0.01), while altering the channel length or flow rate did not significantly affect the viability ( P ¼ 0.2 and P ¼ 0.05, respectively). Overall, uptake by approximately 10% of cells was achieved with minimal viability loss and uptake in excess of 20% of cells was achieved with 20-50% viability loss. These results suggest that high shear conditions created by small diameter channels and short exposure times are favorable for affecting a large portion of the cell population and causing intracellular uptake.
To test the hypothesis that shear stress is responsible for the bioeffects observed, the average shear stress was estimated for all of the conditions tested and graphed in Figure 5 . The actual shear stress experienced by the cells was expected to vary, because the velocity profile was not fully developed over the short channel lengths, the presence of cells in the microchannel altered the local fluid dynamics, and regions of higher shear rates existed near the channel wall and lower shear stress existed in the center of the channel (Fox et al., 2004) . In Figure 5 , uptake was shown to increase and viability was shown to decrease with increasing average shear stress ( P > 0.01 in Fig. 5A and P ¼ 0.02 in Fig. 5B ). This result suggests that shear stress mediated the bioeffects, and that high shear forces are desirable for delivery to a larger number of cells. Differences between 100 mm (Fig. 5A ) and 250 mm (Fig. 5B ) channel lengths suggest that high shear for short durations is favorable to maintain high viability and delivery to a larger number of cells. Such conditions should be realized by applying high flow rates to small-diameter, short-length channels.
Intracellular Delivery of Macromolecules by Shear
We next assessed the breadth of molecules that could be loaded into cells by testing the uptake of different-sized macromolecules. Molecules ranging in size from 0.6 to 2,000 kDa were incubated with cells and exposed to shear by flow through channels of 50 mm diameter and 100 mm length at a flow rate of 100 mL/h. As shown in Figure 6 , all five of the molecules tested, including large dextrans and bovine serum albumin, were able to be loaded intracellularly by shear exposure, although the larger molecules were delivered with lower efficiency. These findings show that large macromolecules can be delivered by transiently shearing cells, which indicates that shear-induced disruptions to the plasma membrane barrier are large enough to permit entry of large macromolecules [e.g., 2,000 kDa dextran has an effective diameter of 28 nm (Oliver et al., 1992) ]. Moreover, this observation suggests that shear-induced loading of cells could be developed into a useful tool for intracellular delivery of molecules with biological significance, such as intracellular stains, proteins, and genetic material.
To further assess the breadth of applicability, we carried out a small set of experiments to shear HL60 promyelocytic leukemia cells in the presence of calcein and found similar levels of uptake and viability as observed using DU145 prostate cancer cells (data not shown). This suggests that this approach to shear loading of cells may be applicable to many cell types.
Simplified Device With Conical Microchannels
To facilitate practical use, we sought to design a simplified device that could be attached onto a syringe to manually expose cells to shear by flow through microchannels, and thereby cause intracellular loading with minimal equipment or cost. An array of nine microchannels was fabricated in a 3 Â 3 configuration for higher throughput and to reduce the problem of channel clogging. Based on the observation that high stress for short durations is favorable, we created conical (i.e., tapered) microchannels that maximized the shear stress just at the channel outlets (Fig. 1B) . Conical microchannels were drilled using the excimer laser in a trepanning mode to make an inlet Figure 5 . Intracellular uptake and cell viability populations graphed versus average shear stress of exposures within (A) 100 mm and (B) 250 mm channel lengths. The total height of each bar represents the fraction of cells remaining viable, the size of the black stripe represents the fraction of cells with significant levels of intracellular uptake, and the size of the gray stripe represents the fraction of cells that were apparently unaffected. Data represent the averages of n ! 3 replicates with SEM error bars shown.
diameter of approximately 300 mm and exit diameter of 40 and 50 mm over a 250 mm channel length. To simulate simplified use, these channels were tested by dispensing the syringe containing approximately 3 mL of cell solution in 4-5 s by hand instead of using a syringe pump.
Because we found that loading levels were relatively insensitive to flow rate (Fig. 4) , we expected that dispensing by hand could be effective. As shown in Figure 7 , this approach produced significantly improved results with higher viabilities and a larger percent of cells with intracellular uptake. For example, uptake in 36% of cells was achieved while maintaining a cell viability of 80%. We believe this increased effectiveness was due primarily to the use of conical channels that achieved a very short exposure to high shear stress. This work also illustrates that a simple, hand-operated device can be used to cause intracellular loading of molecules in a large number of cells.
Discussion
This study sought to test the hypothesis that controlled flow through microchannels can cause shear-induced intracellular loading of cells with molecules. In support of this hypothesis, we showed that exposure of cells to shear forces generated by a cone-and plate shearing device can cause intracellular uptake (Fig. 2) consistent with previous findings (Prado et al., 2005) . Flowing cells through microchannels with diameters that approached cellular dimensions showed better intracellular loading (Figs. 4 and 7) that included uptake of a range of macromolecules up to 2,000 kDa in size (Fig. 6) . Consistent with a shear-based mechanism, cellular bioeffects of uptake and viability correlated with the average shear stress generated in the microchannels with different geometries and flow rates (Fig. 5) . Altogether, these findings support the proposed hypothesis and suggest that a simple, inexpensive device that can load large numbers of cells with molecules for a variety of biological applications.
By demonstrating intracellular loading of compounds ranging from small molecules to large macromolecules and proteins, this study showed the potential of a shear-loading device to be useful for intracellular delivery of molecules for biological applications. Intracellular delivery is pursued by a number of techniques such as electroporation, liposomes, viral vectors, and microinjection to deliver bioactive molecules to alter cellular processes and to load diagnostic molecules into cells to label cellular structures for live-cell imaging and analysis. Possible areas that could benefit from this device include in vitro studies in biological laboratories, ex vivo cell-based clinical therapies, biotechnology processes, and pharmaceutical laboratories for drug discovery and testing of intracellular targets.
This shear-based method may offer some advantages compared to other intracellular delivery techniques. It appears that cell shearing may be broadly applicable to uptake of a wide range of compounds in a variety of cell types using an inexpensive, disposable device. Chemical-based transfection methods, such as cationic lipids, and virus-based transduction methods are also relatively inexpensive and efficient, but are limited to delivery of DNA and RNA. Electroporation and ultrasound deliver molecules into cells with similar efficiency to cell shearing, but require a relatively large investment in suitable electronic equipment. Finally, microinjection is the gold standard for intracellular delivery, but its extremely slow throughput generally limits its utility to studies of small cell populations.
Evaluation of the results of different shearing environments, in terms of the microchannel geometry and flow rate, . Intracellular uptake and cell viability populations after manually dispensing cells through conical microchannels. Microchannels were fabricated as a 3 Â 3 array (nine total channels) with an inlet diameter of 300 mm and an outlet diameter of 50 mm and 40 mm. The total height of each bar represents the fraction of cells remaining viable, the size of the black stripe represents the fraction of cells with significant levels of intracellular uptake, and the size of the gray stripe represents the fraction of cells that were apparently unaffected. Data represent the averages of n ! 3 replicates with SEM error bars shown.
suggests that the most favorable shearing environment for high uptake and viability is large magnitude shear (e.g., >2,000 dynes/cm 2 ) for short durations (e.g., <1 ms), as illustrated especially by the conical microchannels (Fig. 7) . Conical microchannels were created with a large inlet diameter and small outlet diameter, which was similar to the cell diameter (Fig. 1B) . It is expected that the large inlet diameter (approximately 300 mm) produced insignificant shear forces on the cell, as was observed in the 70-80 mm diameter cylindrical channels (Fig. 4) . However, as the conical channels tapered to smaller diameter, higher velocities were achieved that created a shear environment similar to the small cylindrical channels, such as 50 mm diameter channels, yet with much shorter durations. We believe high-magnitude shear and short exposure durations were the principle factors that led to higher viabilities and more cells with intracellular uptake using conical microchannels. Additional optimization of conditions, perhaps to increase shear stress and decrease exposure duration further could yield still better results.
A device for flowing cell suspensions through microchannels was fabricated with the following design considerations: (i) allow coupling of a syringe and tubing for cell sample dispensing and collecting, respectively, (ii) provide a watertight seal around the microchannel disks to ensure fluid flow through the microchannels, and (iii) allow microchannel disks to be easily replaced within the device. The fabricated device, as shown in Figure 1C , proved to be suitable for dispensing and collecting small volumes (3-10 mL) of cell solution. However, other designs could be envisioned for flowing larger volumes of cell suspensions for inexpensive mass production.
A number of the samples tested with single-channel disks (Fig. 2B) had the incidence of high resistance during fluid flow, which we attributed to cells or cellular debris accumulating in the channel and obstructing flow. Using micro-machining techniques, we were able to create Mylar 1 disks with an array of microchannels (Fig. 1B) that substantially reduced the incidence of channel clogging and allowed for higher throughput of the solutions. The ease of use of this device with an array of conical microchannels was demonstrated by manually dispensing cell solution from a hand-held syringe (Fig. 7) . We expect that this device design could be applied to several experimental scenarios to load cells without the need for other specialized equipment.
In conclusion, this study indicates that controlled flow through microchannels can cause shear-induced loading of cells with macromolecules. To load cells, we have fabricated a novel device with a simple design that uses shear to deliver macromolecules into a large number of cells. The advantages of this method of delivering cells are its low-cost, ease of use, ability to be adapted for high-throughput systems, and effective intracellular delivery of small and large molecules. The disadvantages are intracellular uptake by only a fraction of cells and some loss of cell viability. Intracellular uptake and cell viability were increased by exposing cells to large shear forces (e.g., >2,000 dyne/cm 2 ) for short times (e.g., <1 ms), which loaded more than one-third of cells with molecules and maintained viability at approximately 80%. Less heterogeneity of uptake and higher viability could be achieved by further optimization of microchannel device design and flow conditions. Altogether, this approach to shear-induced loading of cells should be a useful tool to deliver macromolecules into cells for biotechnology, biomedical, and research applications.
